Introduction
============

Systemic light chain amyloidosis (AL) is a life-threatening protein deposition disorder with an annual incidence in the western world of about 8-12 cases per one million inhabitants.^[@b1-1041451]^ The disease is initiated by clonal plasma cells in the bone marrow,^[@b2-1041451]^ which secrete the amyloid-precursor proteins: free light chains (FLC) with a propensity to misfold and aggregate. In the fatal course of this disease, excessive amyloid causes dysfunction of vital organs such as the heart, kidneys or liver, which results in substantial morbidity and mortality.^[@b1-1041451],[@b3-1041451]^

In recent decades, biomarkers have gained essential importance for the diagnosis, risk stratification, response assessment and monitoring of AL patients. Besides the FLC test, which allows for highly sensitive quantification of the involved FLC and underlying clonal disorder,^[@b4-1041451]--[@b6-1041451]^ a wide range of organ biomarkers are available which reflect the severity of organ dysfunction and amyloid load in AL patients.^[@b7-1041451]--[@b14-1041451]^ Given the complexity of the disease, accurate estimates of prognosis are of great value to clinicians for optimal primary management and treatment.

Involvement of the heart and the consequent cardiac dysfunction are the major factors determining prognosis and, especially, early death of AL patients.^[@b15-1041451],[@b16-1041451]^ Elevated cardiac biomarkers are, therefore, the most powerful prognostic determinants in AL. Serum levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and cardiac troponin T (cTnT) were first found to predict survival in several cohorts of AL patients,^[@b10-1041451],[@b11-1041451],[@b15-1041451],[@b16-1041451]^ and were consequentially incorporated into the first widely used staging system for AL, hereafter referred to as "MAYO2004", which defined three stages.^[@b17-1041451]^

Subsequently, the composition and biomarker thresholds of the staging system for AL patients were refined.^[@b3-1041451],[@b11-1041451],[@b13-1041451],[@b18-1041451]--[@b22-1041451]^ Two modifications have been widely accepted: the subgroup of patients with the most unfavorable prognosis, who had elevated levels of both biomarkers, could be further separated by an additional higher cutoff of serum NT-proBNP level (\>8,500 ng/L) as well as a low systolic blood pressure.^[@b13-1041451]^ Patients classified as MAYO2004 stage III with NT-proBNP \>8,500 ng/L had a dismal prognosis with a median overall survival of less than 5 months.^[@b13-1041451]^ The MAYO2004 system is, therefore, frequently applied with the modification that patients in stage III with an NT-proBNP \>8,500 ng/L are assigned a "stage IIIb", resulting in a system of four stages (hereafter referred to as "MAYO3b").^[@b23-1041451]^ Concurrently, plasma cell factors were incorporated by another four-stage system ("MAYO2012") utilizing serum FLC level (threshold ≥180 mg/L) as well as NT-proBNP and troponins with different thresholds (NT-proBNP ≥1,800 pg/mL and cTnT ≥0.025 μg/L) compared to those of MAYO2004 (NT-proBNP ≥332 pg/mL and cTnT ≥0.035 μg/L).^[@b17-1041451],[@b21-1041451]^

Given the importance of these three widely used staging systems for the management of AL patients, a systematic comparison of their performance is warranted. Moreover, serum levels of troponins and NT-proBNP are influenced by renal dysfunction and atrial arrhythmia or pacemaker stimulation, which is questioning the reliability of these biomarkers in subgroups with these concomitant disorders.^[@b24-1041451]--[@b28-1041451]^ Although impaired renal function and atrial arrhythmia are frequent in AL patients, neither of them was considered as a confounder during the development of the staging systems. We, therefore, systematically compared the performance of the MAYO2004, MAYO3b and MAYO2012 staging systems in a large cohort of newly diagnosed AL patients with special regard to the subgroups of patients with impaired renal function and atrial arrhythmia or pacemaker stimulation.

Methods
=======

Patients and medical records
----------------------------

We identified 1,224 patients with confirmed AL, consecutively treated and followed at the Heidelberg Amyloidosis Center between July 2002 and March 2017, for whom results of the required cardiac biomarkers and FLC assay were available before initial treatment. All demographic and clinical information, including age, gender, hematologic and organ-related laboratory test results, were obtained from medical records. Clinical data of half of the patients had not been used for statistical analysis before. This retrospective study was approved by the Ethics Committee of the University of Heidelberg and was conducted in accordance with the principles of the Helsinki declaration. All participants gave written informed consent to retrospective analysis of their clinical data.

Definitions
-----------

Organ involvement was defined according to consensus standards.^[@b3-1041451]^ Detailed information about how the staging systems are applied and how atrial arrhythmia and impaired renal function are defined are provided in the *Online Supplement*.

Statistical analysis
--------------------

Statistical analysis was performed using the R statistical environment,^[@b29-1041451]^ version 3.3.2 on a ×86_64-w64-mingw32/×64 (64-bit) platform, together with the packages 'survival' (version 2.38), 'VennDiagram' (version 1.6.18) and 'pec' (version 2.5.4). Continuous data are described by their median and range. The Mann-Whitney U test was used to test differences in continuous variables and the χ^2^ test with continuity correction was used to test differences in categorical variables between two groups.

Overall survival curves were constructed according to Kaplan-Meier estimates and comparisons were made using the log-rank test. The median estimated time of observation was calculated based on the median time to censoring (reverse Kaplan-Meier). Univariable and multivariable Cox models were fitted to evaluate the influence of possible prognostic factors on overall survival. The proportional hazards assumption was tested as proposed by Grambsch & Therneau.^[@b30-1041451]^ To illustrate the results of the Cox models, hazard ratios and corresponding 95% confidence intervals (95% CI) were calculated.

For the evaluation of the predictive accuracy of prognostic models, a .632+ bootstrap estimate of the prediction error was calculated for all event times using a time-dependent adaption of the Brier score.^[@b31-1041451]^ For the evaluation of discriminative accuracy, a .632 bootstrap estimate of the time-dependent adaption of the concordance index^[@b32-1041451]^ for time intervals of 6 months was calculated.

All statistical tests were two-sided. Results with *P* values not larger than 5% were considered statistically significant.

Further statistical methods are described in detail in the *Online Supplement*.

Laboratory methods
------------------

All biomarkers were measured by standard commercially available assays. Reference values were as follows: FLCκ 3.3 -- 19.4 mg/L, FLCλ 5.7 -- 26.3 mg/L, NT-proBNP \<125 ng/L and \<334 ng/L (different assays), cTNT \<0.03 μg/L, cardiac troponin I (cTNI) \<0.04 μg/L and \<0.6 μg/L (different assays), high sensitivity troponin (hsTNT) \<50 pg/mL. The cTNT assay was applied mainly until 2009, when it was replaced by assays with higher sensitivity or specificity, cTNI (since 2007) and hsTNT (since 2009). At least one troponin value was available for each included patient. The Modification of Diet in Renal Disease Study Group formula was applied to calculate the estimated glomerular filtration rate (eGFR).

Results
=======

The baseline characteristics of the 1,224 patients included in the current study are reported in [Table 1](#t1-1041451){ref-type="table"}. The median age of the patients was 63 years and the majority (60%) were male. The median estimated time of observation (reverse Kaplan-Meier) of the study population was 45.5 months (95% CI: 41.7 - 50.8). The median overall survival of all the patients was 38.3 months (95% CI: 31.9 - 44.5) ([Figure 1](#f1-1041451){ref-type="fig"}).

###### 

Baseline characteristics of the patients and their treatment.

![](1041451.tab1)

![Survival of the whole cohort and the subgroups divided according to renal function and the presence or absence of atrial arrhythmias. Kaplan-Meier plots depicting overall survival (OS) from diagnosis. The shaded areas represent the 95% confidence interval estimates. The median OS (with corresponding 95% confidence intervals) were as follows: all patients, 38.3 (31.9 - 44.5) months; patients without an atrial arrhythmia or pacemaker rhythm (AF), 45.5 (38.9 - 54.2) months; patients with AF, 11.9 (7.4 - 23.0) months; patients with an estimated glomerular filtration rate (eGFR) ≥50 mL/min/1.73 m^2^, 52.9 (43.0 - 68.8) months, and patients with an eGFR \<50 mL/min/1.73 m^2^, 18.3 (12.9 - 24.7) months.](1041451.fig1){#f1-1041451}

We first characterized the subgroups of patients with impaired renal function, defined as an eGFR \<50 mL/min/1.73 m^2^ (eGFR\<50) (n=415, 34%) and atrial arrhythmia or pacemaker stimulation (henceforth, referred to as AF) (n=183, 15%) and identified the potential influence of these conditions on the established staging systems. We then evaluated the additional prognostic value of eGFR\<50 and AF in the context of these staging systems. Finally, we compared the performance of these staging systems in the entire cohort and in each of the subgroups.

Patients with impaired renal function and atrial arrhythmias represent unique high-risk subgroups
-------------------------------------------------------------------------------------------------

Both impaired renal function and AF were associated with older age, lower Performance Status and more heart involvement ([Table 1](#t1-1041451){ref-type="table"}). Although approximately 40% of patients with AF also had an eGFR\<50, both subgroups had unique characteristics and were not interchangeable: the AF subgroup was enriched for men with heart involvement, while female sex (with a trend to statistical significance) and kidney organ involvement were features of the subgroup with impaired renal function ([Table 1](#t1-1041451){ref-type="table"}).

As a consequence of the unfavorable characteristics of the subgroups with eGFR\<50 and AF, fewer patients were eligible for conventional or high-dose chemotherapy ([Table 1](#t1-1041451){ref-type="table"}) and their overall survival was significantly worse than that of their respective controls (17.5 *vs*. 52.9 and 12.6 *vs*. 45.5, months, both *P*\<0.0001) ([Figure 1](#f1-1041451){ref-type="fig"}). Univariable Cox models showed that the risk of death was almost double in the presence of either of these conditions ([Table 2](#t2-1041451){ref-type="table"}).

###### 

Results of univariable and multivariable analyses including different cardiac scoring systems.
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Patients with impaired renal function and atrial arrhythmias are correctly attributed to higher scores in each staging system
-----------------------------------------------------------------------------------------------------------------------------

As expected, all cardiac biomarkers were significantly elevated in the subgroups with eGFR\<50 and AF, while the difference between involved and uninvolved FLC (dFLC) was only slightly elevated among the patients with AF and not significantly elevated among those with eGFR\<50 ([Table 1](#t1-1041451){ref-type="table"}). Accordingly, eGFR showed a highly significant negative correlation with all cardiac biomarkers (*Online Supplementary Table S3*). Serum NT-proBNP levels were significantly determined by both heart involvement status and renal function (*Online Supplementary Figure S3*). As renal function decreased, more patients both with and without heart involvement exceeded the NT-proBNP thresholds of any of the staging systems. As a consequence, patients with eGFR\<50 and with AF were attributed higher scores than their respective controls in all the staging systems analyzed ([Table 1](#t1-1041451){ref-type="table"}, [Figure 2B,C](#f2-1041451){ref-type="fig"}). As shown above, eGFR\<50 or AF are by themselves prognostically adverse factors. Thereafter we addressed the question of whether, within the high-risk cardiac biomarker categories, the patients with eGFR\<50 or AF actually fared better, worse or equally (*Online Supplementary Figure S6*). Apparently both described effects counterbalance each other in the MAYO3b staging system. However, patients with eGFR\<50 classified as highest risk by the MAYO2004 and MAYO2012 staging systems still had a worse prognosis than patients with eGFR ≥50 mL/min/1.73 m^2^ (6.4 *vs*. 14.9 months and 4.7 *vs*. 9.6 months, both *P*\<0.001).

![Overall survival according to the staging systems. Kaplan-Meier-Plots. pairwise *P*-values and median overall survival are given in *Online Supplementary Table S5*. Shaded areas indicate the 95% confidence intervals. (A) All patients. (B) Subgroup of patients with an estimated glomerular filtration rate \<50 mL/min/1.73 m^2^. (C) Subgroup of patients with atrial arrhythmia or pacemaker rhythm.](1041451.fig2){#f2-1041451}

Impaired renal function and atrial arrhythmias add prognostic information to the staging systems
------------------------------------------------------------------------------------------------

To further evaluate whether, and if so to what extent, eGFR\<50 and AF add prognostic information to the different staging systems, we performed multivariable survival analyses for each staging system. Age as well as dFLC (except in conjunction with the MAYO2012 stag ing system) were also included, as these factors had been found to be highly prognostic in the univariable analyses ([Table 2](#t2-1041451){ref-type="table"}). While eGFR\<50 retained its prognostic value at the significance level of 5% in multivariable analyses with the MAYO2004 and MAYO2012 staging systems, it was not significant in multivariable analysis with the MAYO3b system, suggesting an improved prognostication of the MAYO3b staging system compared to that of the other two models. However, AF retained its significant prognostic value in each condition.

All evaluated staging systems provide a high prognostic value
-------------------------------------------------------------

Using Kaplan-Meier estimates, we could illustrate the ability of each analyzed staging system to identify subgroups of patients with distinct risks. There was virtually no overlap of the 95% confidence intervals of the different stages for each classification in the entire cohort ([Figure 2A](#f2-1041451){ref-type="fig"}). With respect to the spread of the median overall survival, it seems that the MAYO3b system is superior in detecting the patients with the best and worse prognoses in the entire cohort and in each subgroup.

In the next step, we evaluated the overlap and respective prognosis of patients within each stage of the staging systems. The results of this analysis are shown in [Table 3](#t3-1041451){ref-type="table"}, in which proportions and median overall survival of patients are reported according to each stage of the MAYO2004/3b staging systems and subgrouped further by the MAYO2012 staging system. Both the MAYO3b and MAYO2012 staging systems were able to re-divide stages of the other system, identifying patients with better or worse outcomes. For example, 47% of the patients in MAYO2012 stage I were attributed to MAYO2004/3b stage II and 28% of the patients in MAYO2004/3b stage I were attributed to MAYO2012 stage II. In both cases, the higher stages were associated with an approximately 34 months shorter overall survival ([Table 3](#t3-1041451){ref-type="table"}).

###### 

Comparison of the MAYO2004/3b and MAYO2012 staging systems.
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To further evaluate and compare the prognostic value of the different staging systems, we computed time-dependent prediction errors, illustrating the overall model performance and time-dependent concordance indices, which mirror the systems' discriminative accuracy ([Figure 3](#f3-1041451){ref-type="fig"}). All staging systems showed a high performance value ([Figure 3A](#f3-1041451){ref-type="fig"}). However, the MAYO3b and MAYO2012 systems were superior to the MAYO2004 system with respect to discriminative accuracy in this analysis.

![Performance of the staging systems. Curves of time-dependent prediction errors as well as time-dependent concordance indices of the scoring systems. The Integrated Brier Score (IBS) for each staging system is given with the respective color, as indicated by the legend. The reference is the marginal Kaplan-Meier estimator, ignoring the predictors. A concordance index of 0.5 indicates random chance. (A) All patients. The MAYO2012 and MAYO3b lines lie one above another. (B) Subgroup of patients with an estimated glomerular filtration rate \<50 mL/min/1.73 m^2^. (C) Subgroup of patients with atrial arrhythmia or pacemaker rhythm.](1041451.fig3){#f3-1041451}

The overall performance of each staging system is almost entirely preserved in patients with impaired renal function
--------------------------------------------------------------------------------------------------------------------

In the subgroup of patients with eGFR\<50, all of the analyzed staging systems retained highly significant global *P* values ([Figure 2B](#f2-1041451){ref-type="fig"}). There was, however, only a poor discrimination of patients in stages I and II for all systems, as indicated by not significantly different median overall survivals ([Figure 2B](#f2-1041451){ref-type="fig"}, *Online Supplementary Table S5*). This did not translate into a marked reduction of the predictive value according to prediction error curves, as well as concordance indices, which was comparable to that of the entire cohort for each staging system ([Figure 3B](#f3-1041451){ref-type="fig"}).

The performance of all staging systems is reduced in patients with atrial arrhythmias, but best preserved in the MAYO3b system
------------------------------------------------------------------------------------------------------------------------------

In the subgroup of patients with AF, the analyzed staging systems retained statistically significant global *P*-values, while there were overlaps between some stages ([Figure 2C](#f2-1041451){ref-type="fig"}). Prediction error curves and concordance index plots did, however, confirm a reduced performance of all staging systems when compared to the performance in the entire cohort ([Figure 3C](#f3-1041451){ref-type="fig"}). The MAYO2012 score appeared to be more affected than MAYO2004 and MAYO3b, especially with respect to discriminative accuracy for prediction beyond 18 months. Thus, the MAYO3b system clearly outperforms the MAYO2012 system in the subgroup of patients with AF.

Discussion
==========

This large retrospective study was aimed to: (i) evaluate the influence of two conditions with high prevalence among patients with AL amyloidosis patients, impaired renal function (eGFR\<50 mL/min/1.73 m^2^, "eGFR\<50") as well as atrial arrhythmia or pacemaker rhythm ("AF"), on the applicability of the most widely used AL amyloidosis cardiac staging systems (MAYO2004, MAYO3b and MAYO2012); (ii) evaluate the additional prognostic value of eGFR\<50 and AF in the context of these staging systems; and (iii) compare the overall performance of these staging systems in the entire cohort and in the subgroups with eGFR\<50 and AF.

\(I\) Patients with eGFR\<50 or AF had a dismal prognosis; the risk of death was almost doubled by either comorbidity. The underlying reason seems to be that both conditions are surrogate parameters for heart involvement and accompanied by other unfavorable characteristics such as older age, lower Performance Status and, consequently, reduced eligibility for chemotherapy ([Table 1](#t1-1041451){ref-type="table"}). Interestingly, prerenal kidney injury due to heart involvement appears to be one of the most common reasons for reduced eGFR (*Online Supplementary Results*, *Online Supplementary Figure S5B*) and the survival of patients with decreased kidney function is mainly determined by heart involvement status and not negatively influenced by a higher degree of kidney organ involvement (*Online Supplementary Results*, *Online Supplementary Figure S6A*).

We verified in our cohort of AL patients that impaired renal function as well as AF are associated with increased serum levels of troponins and in particular NT-proBNP.^[@b24-1041451]--[@b26-1041451],[@b28-1041451],[@b33-1041451]^ We were also able to show that, in contrast, dFLC, which is applied by the MAYO2012 system, is only slightly elevated in patients with eGFR\<50 or AF. The elevation of cardiac biomarkers translated into patients in both subgroups being assigned to higher stages of all the analyzed scoring systems; as a consequence, only a few patients with either of these comorbidities were assigned stage I in any scoring system. However, the patients assigned to the respective highest stage in the eGFR\<50 and AF subgroups did not have a favorable prognosis compared to that of patients assigned to the highest stage without these conditions. Indeed, patients with eGFR\<50 classified as highest risk by the MAYO2004 and MAYO2012 staging systems had an even worse prognosis than that of patients with eGFR ≥50 mL/min/1.73 m^2^, while there was no such difference in the MAYO3b system. This suggests that the higher stages due to the elevation of cardiac biomarkers are correctly assigned and provides evidence that the MAYO3b staging system is superior to the MAYO2004 and MAYO2012 systems in patients with impaired kidney function.

\(II\) Further evidence for a superiority of the MAYO3b system comes from the evaluation of the additional prognostic value of eGFR\<50 and AF in the context of the staging systems. In multivariable analyses including age, dFLC and any of the staging systems, eGFR\<50 and AF each retained their prognostic significance with the MAYO2004 and MAYO2012 systems, while eGFR\<50 fell out with MAYO3b.

\(III\) We further evaluated the performance of the staging systems by synopsis of stratified Kaplan-Meier estimates ([Figure 2](#f2-1041451){ref-type="fig"}) as well as predictive and discriminative accuracy using prediction errors and concordance indices ([Figure 3](#f3-1041451){ref-type="fig"}). We confirmed the high prognostic value of each of the staging systems in our entire cohort. However, the MAYO3b and MAYO2012 systems showed a better discriminative accuracy than the MAYO2004 system, and the MAYO3b system was superior in detecting patients with the best and worst prognoses. In the subgroup with low eGFR, stages I and II within any of the staging systems could not discriminate patients with different survival. This did not, however, affect the overall predictive and discriminative accuracy of all staging systems, which again confirms that patients with eGFR\<50 were correctly assigned to higher stages. In the AF subgroup, the systems were less precise, potentially also due to low numbers of patients assigned to the low-risk stages. The MAYO2012 system, in particular, lost discriminative accuracy, making the MAYO3b system superior in this subset. This might be because patients with very high risk of early death are well discriminated by stage IIIb, while in the MAYO2012 system the median survival of patients in the two highest stages is not significantly different. Hence, very high levels of NT-proBNP are prognostic in AL patients irrespective of eGFR or AF status. Herewith, we confirm recent findings made in other cohorts of patients with heart failure.^[@b26-1041451],[@b34-1041451]^

Overall, our results suggest that the MAYO3b staging system should currently be preferred over the other wide ly used systems for the following reasons: (i) it showed the best performance and highest discriminative accuracy in the entire cohort; (ii) it was most applicable in the high-risk subsets of patients with eGFR\<50 or AF; and (iii) it only requires two biomarkers compared to the three biomarkers required for the MAYO2012 score, which is an advantage from the perspective of model optimization.

A recently proposed staging system for cardiac transthyretin amyloidosis is based on NT-proBNP and eGFR.^[@b35-1041451]^ Our results suggest, however, that the prognostic potential of reduced eGFR is already included in a staging system with multiple NT-proBNP thresholds such as MAYO3b. Interestingly, the superiority of the modified MAYO staging system with two NT-proBNP thresholds was also reported by the Mayo group itself at the annual International Symposium on Amyloidosis in March 2018 following calculation of the net reclassification improvement for pairs of prognostic models.^[@b36-1041451]^

On the other hand, our multivariable analysis suggests that the significant prognostic potential of atrial arrhythmia and dFLC is not entirely contained in the MAYO3b system. This is supported by the fact that the MAYO2012 system was able to identify patients with different outcomes from each stage of the MAYO3b system. In addition to AF and plasma cell-related factors, such as dFLC,^[@b21-1041451]^ the inclusion of other promising and widely available biomarkers such as serum uric acid^[@b22-1041451]^ might further improve the MAYO3b system. In contrast to novel cardiac biomarkers that have recently been suggested for inclusion into the AL amyloidosis staging system,^[@b19-1041451]^ these parameters are readily available in every newly diagnosed AL patient worldwide. Finally, a potential modification of the MAYO3b staging system and validation of a novel staging system might be best performed with a multicenter approach, e.g. on behalf of the International Society of Amyloidosis, to achieve greatest validity and facilitate broad acceptance.

To our knowledge, this is the first report that extensively describes kidney impairment and atrial arrhythmia as independent prognostic factors in AL amyloidosis. Most importantly, the detailed performance analysis of the AL staging systems, including high-risk subgroups, will enable clinicians and investigators to make a confident choice within the broad range of currently available staging systems.
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